Purpose Approximately 8% of couples attempting to conceive are infertile and male infertility accounts for approximately 50% of infertility among couples. Up to 25% of males with non-obstructive infertility have chromosomal abnormalities and/or microdeletions of the long arm of the Ychromosome. These are detected by conventional chromosome and Y-microdeletion analysis. In this study, we reviewed
Introduction
Infertility is defined as a couple's failure to conceive after having sexual intercourse without contraception for 1-2 years [1] . It is estimated that 8% [2] to 24% [3] of couples suffer from infertility, and male factors are the cause in approximately half of these cases [1] . Male infertility can be attributed to several factors including medication and illegal drug side effects, exposures to toxic compounds, erectile dysfunction, cystic fibrosis, endocrine disorders, varicocele, systemic diseases, and anatomic malformations [3] . In addition, it has been known for several decades that cytogenetic and molecular abnormalities affect male fertility including autosomal abnormalities, rearrangements and microdeletions of the Y-chromosome, and sex chromosome aberrations [4, 5] .
Many studies describing chromosome abnormalities in unselected infertile males, as well as selected males with azoospermia (no sperm production), oligozoospermia (reduced sperm production) have been published. Several of these studies are listed in Table 1 [6] [7] [8] [9] [10] [11] [12] [13] . Although these studies have different inclusion criteria, a meta-analysis was performed to generate cumulative frequencies ( Table 1) . The cumulative frequency of autosomal abnormalities in these studies of infertile males is 3.5%, compared to 0.42% of people within the general population that are known to have balanced or unbalanced autosomal rearrangement [14] . 1.7% of infertile males are reported to have rearrangements of sex chromosomes by karyotyping, compared to the 0.10% among the general male population [14] . In addition, the most common chromosomal abnormality reported is 47,XXY (cumulative 4.9%), which is associated with Klinefelter Syndrome. This is a large proportion considering the frequency of 47,XXY in the general male population is 0.11% [15] . It is also important to note that several studies excluded from the meta-analysis reported the frequency of a karyotype consistent with Klinefelter syndrome can be greater than 10% in oligozoospermic males [16] [17] [18] .
Submicroscopic deletions (i.e. small deletions not detectable by karyotyping) of the Y-chromosome (Y-microdeletions) are also associated with male infertility. The azoospermia factor (AZF) region of the long arm of the Y-chromosome was identified in infertile males and was originally postulated to be the region associated with spermatogenesis [19] . It was later shown that the AZF region actually comprises 3 different regions and deletions of any individual or multiple AZF region(s) (AZFa, AZFb, and AZFc) can lead to reduced or abnormal sperm production or azoospermia [20] . Several published studies have analyzed the frequency of the various Y-microdeletions in selected and unselected infertile male populations [7, 12, 13, [21] [22] [23] [24] . Similar to the cytogenetic data, a meta-analysis of these studies was performed without taking into account inclusion criteria, and the cumulative frequency of Y-microdeletions among infertile males was determined to be 3.5% (Table 2 ). The AZFc region is consistently reported as the most commonly disrupted region in infertile males [25] , and candidate genes in that region includes the DAZ (deleted in azoospermia) genes [26] . The DAZ gene cluster comprises several functional copies in the AZFc region [27] . There are also other candidate genes on the Y-chromosome in the AZF regions that are associated with infertility, and several are found in multiple functional copies [27] . The male infertility phenotype and its severity is 
Methods
The work reported herein was approved by the Mayo Clinic IRB. Two independent retrospective surveys were performed to investigate the distribution of cytogenetic and molecular causes of male infertility.
Meta-analysis
PubMed was queried using the following terms in several combinations: cytogenetic, male infertility, y-microdeletion, karyotype, AZF, and Klinefelter. Available manuscripts published in the year 2000 or after were included in the analysis.
Cytogenetic analysis
The first data set includes 2,242 male patients over the age of 18 referred for infertility, azoospermia, oligospermia, or phenotypic features related to Klinefelter syndrome. Patients younger than 18 years old referred to rule out Klinefelter syndrome were excluded. 62 (2.8%) of the 2,242 were Mayo Clinic patients. Chromosome analysis was performed in the Cytogenetics Laboratory on peripheral blood samples using standard culture and harvest methods and GTL (Giemsa-Trypsin-Leishman) banding techniques [29] .
Molecular analysis
The second data set includes 2,749 male patients tested to rule out male infertility by Y-chromosome microdeletions in the Molecular Genetics Laboratory. 75 (2.7%) of the 2,749 were Mayo Clinic patients. Y-microdeletion studies were performed using a multiplex PCR amplification based method described by Simoni et al. [30] . In brief, DNA was extracted using standard techniques followed by two separate multiplexed PCR reactions. The first reaction targeted sY254 (DAZ gene; AZFc), sY86 (AZFa), and sY127 (AZFb), while the second reaction targeted sY84 (AZFa), sY134 (AZFb), and sY255 (DAZ gene; AZFc). Primers targeting HBB (β-globin; Forward: ACTGGG CATGTGGAGACAGAGA, Reverse: TGTTTCCCATTC TAAACTGTAC) were also used as an amplification control for each reaction. Following PCR, amplicons were separated and detected by gel electrophoresis. Loss of both markers for any one or more of the AZF regions (AZFa, AZFb, AZFc) was consistent with a Ymicrodeletion. If only one of the two markers was deleted within a region, an additional set of markers (sY82 and sY98 for AZFa, sY135 and sY152 for AZFb, or sY156 and OX7 for AZFc) were used to verify the deletion within that AZF region [28] . The patient was considered to have Y-microdeletion if a deletion was detected in at least one marker within the verification marker set that flanked the deletion detected by the original marker set. If no deletions were noted using the verification set of markers, the results were interpreted as equivocal for that patient. 
Results

Cytogenetic analysis
As summarized in Tables 4 and 5 and 47,XY,+i(X)(q10)), and is consistent with Klinefelter Syndrome. Of the autosomal abnormalities (Table 5) , balanced rearrangements were identified in 35 males, including 7 with balanced Robertsonian translocations, 1 translocation between chromosome 19 and the X chromosome, and 3 in a 47,XXY background. An unbalanced rearrangement was identified in only 1 patient; a low level mosaic 6q deletion was detected in 3 of 30 metaphase cells (Table 5 ).
Molecular Y-microdeletion analysis
Similar to the karyotyping data, the overwhelming majority of the males tested were normal. Of the 2,749 males tested for Y-microdeletion, 2,637 (96%) had no deletion detected. Results from twelve patients (0.4%) were interpreted as equivocal since only 1 of the 4 tested markers were deleted within a single AZF region.
Results were equivocal since the apparent deletion of Tables 4 and 5 only a single marker could be a PCR artifact due to a polymorphism under a primer or it could represent a small deletion. The frequencies of the various deletions detected are summarized in Table 6 . In brief, Y-microdeletions were identified in 100 patients (4% 
Discussion
This report aims to summarize the frequencies of cytogenetic and molecular causes of male infertility identified in two large reference laboratories at the Mayo Clinic, the Cytogenetics Laboratory and the Molecular Genetics Laboratory. The patient sample volumes in the two laboratories are among the largest in the United States and therefore supply valuable information on the frequencies of abnormalities among an unselected population of patients undergoing male infertility testing. In the general male population, Klinefelter syndrome is the most frequent sex chromosomal abnormality, with a reported frequency of 0.11% [15] Prior studies of chromosomal abnormalities in infertile males reported a karyotype consistent with Klinefelter syndrome at a frequency of 4.9%, making it the most abundant cytogenetic abnormality identified in infertile males as well ( Table 1) . As summarized in Table 3 , 2,242 males over the age of 18 had chromosomes analyzed by standard karyotyping [29] to rule out cytogenetic causes of infertility, oligozoospermia or azoospermia, or for phenotypic features consistent with Klinefelter syndrome. 319 (14%) had abnormal karyotypes, and 90% of those were 47,XXY or a variant karyotype (mosaic 47,XXY/46,XY, 48,XXYY, 48,XXXY, 47,XXY combined with an autosomal rearrangement, and 47,XY,+i (X)(q10)) consistent with Klinefelter syndrome, which accounts for 11.4% of the study population (Table 3 ). This frequency (11.4%) is over 100 times the frequency in general male population (0.11%) and 2.3 times the cumulative frequency in infertile males, although this cumulative frequency is based on a meta-analysis of several studies with different inclusion criteria ( Table 1) .
The divergence between the frequency of 47,XXY karyotype consistent with Klinefelter syndrome in this study and that of other cytogenetic studies in infertile males described in Table 1 is likely attributable to a combination of several factors. The first involves the criteria for selection of publications for the meta-analysis. The studies listed in Table 1 include unselected infertile males, azoospermic males, and oligozoospermic males. However, the frequency of 47,XXY karyotype consistent with Klinefelter syndrome in solely oligozoospermic males has been reported to be between 10 and 15% [16] [17] [18] . If ordering physicians are aware of this high probability of 47, XXY in males with low sperm counts but not complete lack of sperm they may be more likely to order karyotyping on these patients. Another source of variation involves the inclusion criteria set forth in this retrospective analysis. All patients older than 18 years old, tested by karyotyping in our laboratory, with the reason for referral including the word Klinefelter, were included in this study. By using the cutoff of 18 years old we attempted to eliminate patients that were not being investigated for male infertility, but it may not have been completely effective. Without the clinical information to correlate these findings, this could not be further investigated. The final source of the higher frequency of karyotypes consistent with Klinefelter syndrome in this population is the different patient populations of a large reference lab compared to the setting that almost all other studies discussed herein were performed, a fertility clinic. A reference lab is more likely to test samples from patients before they are referred to a fertility clinic, some of which are ordered by general practitioners. However, the fertility clinic generally orders chromosome analyses on patients who have been referred by a nonspecialist, so some of the infertile male patients with more obvious signs of Klinefelter syndrome (gynecomastia, atrophied testes, etc.) may have already been selected out of that population. a Two separate PCR amplifications (Probes) are set up for each AZF region (AZFa, AZFb, AZFc). If there is a deletion of only 1 of the 2 markers within a region, an additional set of markers are tested to verify the deletion. These results represent samples with a single deletion using the first set of markers that did not have a deletion with the verification set of markers; and could therefore represent either a small deletion or PCR artifact due to a polymorphism under a primer Other than 47,XXY and variants consistent with Klinefelter syndrome, 7 patients were found to have a 46,XX karyotype, and 9 patients had deletions in the Y-chromosome (Table 3) . These non-Klinefelter syndrome sex chromosome abnormalities are expected to have a significant impact on male fertility since many male fertility factors are located on the Ychromosome. Interestingly, balanced chromosomal rearrangements were identified in 35 patients (1.6%). Depending on the type of balanced rearrangement, the effect on male fertility could have different etiologies. For example, Robertsonian translocations, which were found in 6 males (Table 5) , have been shown to interfere with the XY bivalent forming a trivalent that also predisposes the cell to abnormal meiotic recombination or failure of sperm development [31] . An additional patient was found to have an unbalanced abnormality (Table 5) , a 6q deletion observed in 3 of 30 metaphase cells. This could have an effect on fertility if the abnormal fraction is enriched in germ cells, but without clinical information, this is difficult to investigate further.
In contrast to the karyotyping, Y-microdeletion analysis has one possible reason for referral, male infertility. Since 2002, Y-microdeletion analysis has been performed in our laboratory on 2,749 patients ( Table 6 ). The Y-microdeletion assay uses a PCR amplification strategy to identify deletions in the AZF (azoospermia factor) regions, AZFa, AZFb, and AZFc. Deletions were detected in 100 patients (4%). Of the 100 patients with a deletion of the Ychromosome, 90 (90%) involved deletions of the AZFc region. 64 of the 90 patients (71.1%) had an isolated AZFc deletion, 17 patients (18.9%) had a combined AZFb and AZFc deletion, and 9 patients (10%) had a combined deletion of AZFa, AZFb, and AZFc. This finding supports the notion that DAZ (deleted in azoospermia) has a prominent role in male fertility and is consistent with prior reports [7, 12, 13, [21] [22] [23] [24] showing that AZFc as the most frequently deleted AZF region in infertile males (Table 2) . However, there is large variation in the literature that reflects the patient population tested. Some reports include only azoospermic males, some include azoospermic and severely oligozoospermic males, and others, like this study, include an unselected population of infertile males. An additional 5 patients had isolated deletions of the AZFa region and 5 patients had isolated deletions of the AZFb region. Deletions in these areas have also been associated with male infertility, although not as frequently, nor consistently, as the AZFc deletions [21, 27] .
In conclusion, this work describes one of the largest studies of male infertility and includes the results of cytogenetic analysis of 2,242 males and molecular Ymicrodeletion analysis of 2,749 males. When comparing this study to prior reports from smaller studies, the frequencies of abnormalities are similar (Tables 1 and 2 ). There are a few exceptions, such as the higher proportion of Klinefelter syndrome patients in the group tested by karyotyping, which may be due to the inclusion of studies in the meta-analysis (higher frequency of azoospermic males in this study), the inclusion criteria of the patient retrospective analysis (reason for referral including rule out Klinefelter syndrome), and the patient population tested, (i.e., a large reference laboratory versus a fertility clinic). This retrospective study demonstrates that a large number of infertile males tested by cytogenetic karyotyping (14.3%) and molecular Y-microdeletion analysis (3.6%) have abnormalities identified. This information can direct fertility treatment options and ultimately aide the couple to conceive a child.
